While plasmonic antennas composed of building blocks made of the same material have been thoroughly studied, recent investigations have highlighted the unique opportunities enabled by making compositionally asymmetric plasmonic systems. So far, mainly heterostructures composed of nanospheres and nanodiscs have been investigated, revealing opportunities for the design of Fano resonant nanostructures, directional scattering, sensing and catalytic applications. In this article, an improved fabrication method is reported that enables precise tuning of the heterodimer geometry, with interparticle distances made down to a few nanometers between Au−Ag and Au−Al nanoparticles. A wide range of mode energy detuning and coupling conditions are observed by near field hyperspectral imaging performed with electron energy loss spectroscopy, supported by full wave analysis numerical simulations. These results provide direct insights into the mode hybridization of plasmonic heterodimers, pointing out the influence of each dimer constituent in the overall electromagnetic response. By relating the coupling of nondipolar modes and plasmon−interband interaction with the dimer geometry, this work facilitates the development of plasmonic heterostructures with tailored responses, beyond the possibilities offered by homodimers.
C ollective oscillations of the conduction electrons in metal nanostructures, known as localized surface plasmon resonances, 1 have been intensively studied and designed by manipulating both the nanostructures size and geometry, as well as their dielectric environment. 2 These investigations, carried out over the entire visible light spectrum, including the near-UV and near-IR, have demonstrated the control of both nanoscale optical fields and far field radiation, 1 leading to the concept of optical nanoantennas. 2, 3 The electromagnetic properties of these structures are governed by their eigenmodes, ranging from dipoles to high order multipoles. 4, 5 When the nanoparticles are arranged in pairs or multimers, these modes couple to each other and hybridize, producing further optical properties. 6−8 In the simplest and most common geometry, involving the coupling of two selfsimilar spherical nanoparticles separated by a nanogap, a wellknown dipole−dipole interaction along the dimer axis is produced. 6 This coupling generates an intense and confined near field in the gap region, which can enable large nanoscale fluorescence enhancement 9 and surface enhanced Raman scattering down to the single molecule level. 10, 11 Thanks to a complete description of the plasmonic coupling for spherical self-similar nanoparticle dimers, Nordlander and coauthors 7 have shown that the gap dependent hybridization in such nanostructures stems from the interaction of the uncoupled eigenmodes. Specifically, the uncoupled modes hybridize with bonding and antibonding interactions and each of these two configurations occur along the longitudinal and transverse axes of the nanodimer. As gap size decreases, and hence mode coupling increases, the bonding modes exhibit large red-shifts, whereas antibonding modes are subject to moderate blue-shifts. Additionally, the relative phase of the charge oscillation between the two nanoparticles may lead to either enhanced or vanishing net dipole moments, so forming, respectively, bright and dark modes. 12 Beyond symmetric dimers, heterogeneous pairs formed by two dissimilar nanoparticles, each having distinct spectral properties owing to a compositional or geometrical difference, have recently become a topic of wide interest. The resulting near field overlap and far field interference of eigenmodes with distinct energy or multipolar orders have been studied for a wealth of unique properties, such as directional scattering; 13−15 Fano resonances in both radiation 16−18 and absorption processes; 19, 20 enhanced nonlinear processes; 21 photothermal effects; 22 sensing; 15 ,23−25 and catalysis. 26, 27 As with symmetric dimers, the hybridized eigenmodes of these heterogeneous pairs (known as heterodimers) also originate from the uncoupled eigenmodes supported by each dimer constituent. 7, 16, 28 However, due to the reduced symmetry of the system, the hybridized modes of heterodimers will be less likely to possess a vanishing dipole moment, the latter effect being a direct consequence of the mirror symmetry of homodimers.
To date, most experimental studies of heterodimers have focused on their far field properties, by monitoring their dark field spectra 16, 29, 30 and radiation patterns. 14 Here we instead evidence the benefit of direct experimental investigations of their modal responses, especially for geometries beyond the sphere and disc dimers. Indeed, only a few experimental studies, mostly limited to large nanostructures exhibiting minimal energy mismatch 31 and limited design flexibility, 32, 33 have focused on measuring the near field properties of heterodimers in order to visualize and tailor their electromagnetic properties. In this article, we reveal the coupled modes of a wide range of heterodimers using electron energy loss spectroscopy (EELS) combined with a full wave analysis based on surface integral equations (SIE) methods. By fabricating heterodimers of different materials and geometries using a precise multilayer electron beam lithography fabrication process, we span a large range of energy detuning conditions and coupling strengths between each dimer component, thereby unveiling the rich electromagnetic properties of mismatched particle pairs.
RESULTS AND DISCUSSION
Motivated by the unique opportunities enabled by asymmetric plasmonic systems, a vast palette of enabling nanofabrication methods has been developed. Exploiting the mode energy mismatch in heterodimers calls for techniques that can create narrow interparticle gaps in order to significantly hybridize the eigenmodes of the constituent elements. 16 To this end, colloidal assembly methods have been effective for providing simple access to few nanometer gaps, with techniques varying from capillary assembly 34, 35 and electrostatic interactions 16, 19, 24, 36 to DNA linkers 29, 37 and origamis. 30, 38 A different approach relies on the use of dielectric microbeads for holesphere lithography schemes, combined with tilted evaporation. 14,15,33,39−42 Although these various techniques are highly scalable and cost efficient, they suffer from a poor geometric degree of freedom. While mode energy detuning is the central aspect of asymmetric plasmonic systems, the mediation of coupling strength by controlling the geometry of each nanoparticle and their gap distance is essential to tailor their electromagnetic response. To this end, compositional asymmetry achieved with multistep lithography can be used advantageously to disentangle the influence of the mode energies and nanoparticle shapes on the coupled modes. To realize this capability, a double layer lift-off process based on electron beam lithography 21, 25 was developed and optimized in order to reach few nanometer gap distances while exploiting the geometric freedom of lithography. The process, outlined in Figure 1a ,b, is entirely carried out on freestanding Si 3 N 4 membranes; an approach that enables high resolution metrology of the heterodimers by transmission electron microscopy as well as their electromagnetic characterization with EELS. Briefly, alignment marks are etched on the front side of a silicon substrate, which is subsequently coated with low-pressure chemical vapor deposition Si 3 N 4 . The Si 3 N 4 layer is then locally released by backside processing. Next, multiple steps of electron beam lithography, evaporation and lift-off steps are repeated on the membrane for each Au, Ag and Al layer (see Methods for details). The high quality markers and the related alignment scheme reliably enable a sub-10 nm layerto-layer alignment accuracy and a reproducible fabrication of heterodimers arrays with few-nanometer interparticle distances. The ultimate nanogap resolution and dispersion are limited by the metal line-edge roughness and the associated thin-film polycrystallinity ( Figure S1 ). After fabrication, structure topography was characterized by atomic force microscopy, and the overall dimensions and gaps were measured by transmission electron microscopy and high angle annular dark field scanning transmission electron microscopy (HAADF STEM), for both Au−Ag (Figure 1c Au, Ag and Al were chosen as prototypical materials of the constituent nanoparticles due to their ability to support plasmonic resonances and interband transitions at distinct energies. While layered 43 and alloyed 44 materials may also be of interest for the fabrication of heterogeneous plasmonic systems, the present study focuses on the coupling of the aforemen- tioned pure metals. 45, 46 In order to first characterize the response of each constituent metal used to make the heterodimers, EELS measurements were performed on monometallic Au, Ag and Al arrays of nanorods with varying lengths, ranging from a 40 nm diameter dot to a 400 × 40 nm rod. By measuring the evolution of the longitudinal dipolar mode energy as a function of the nanorod size, the spectral tunability and resonance range of the different materials is evidenced for this specific morphology evolution (Figure 2a ). Resonance energy differences between each material stem from their different free electron densities and associated plasma frequencies as well as the difference in their intrinsic losses due to collisions. As particle aspect ratio decreases (and wavenumber increases), the energy difference between dipole modes of two equivalently sized nanoparticles of different materials increases. Al displays the largest energy tunability across the geometric parameter space investigated here, 47 due to its higher plasma frequency. 48 Interestingly, the interband transitions of Al, occurring at 1.5 eV, are well evidenced by a discontinuity in the dispersion curve around this energy loss. Already for EELS intensity maps extracted at a relatively low energy (1.1 eV Figure 2b−d) , the detuning between the different materials is clearly observed, as their dipolar modes are supported by nanorods of different lengths; a quadrupolar EELS response also appears on the longest Au and Ag nanorods. Note that the localization and symmetry of the focused electron probe used in STEM EELS allows for an efficient excitation of high order modes, regardless of their radiative nature 49 as shown in Figure   2e . Within the parameter space displayed, it is clear that bimetallic dimers formed from nanoparticles of equal dimensions may exhibit two distinct mode energy mismatch conditions. First, for large nanostructures, the dipolar and/or higher order modes of one nanoparticle may spectrally overlap with those of the other, resulting in a significant plasmonic coupling. Second, a different condition is predicted for small particle dimers, especially for Au−Al pairings, where the energy of the fundamental dipole of the Al component may be at sufficiently high energy to avoid having any significant spectral overlap with any of the modes supported by the Au component. Both of these coupling conditions are investigated in the next section, by the study of the near field response of selected heterodimers.
First we highlight the specificities of EELS signals associated with mode hybridization in symmetric pairs, 50−52 by investigating the response of an Ag−Ag disc homodimer with a diameter of 100 nm and gap of 9 nm (Figure 3a ). The eigenmodes of the corresponding structure are computed using a surface integral equation (SIE) method, solving for the eigenvectors of the associated matrix. 53 Four modes, mainly based on dipole−dipole interactions, are identified, and compared to those of an isolated Ag monomer of similar dimensions having a dipole resonance energy of ∼2.12 eV ( Figure S3 ). As expected, the bonding modes (longitudinal and transverse Figure 3b evidenced by a larger red-shift, along with a strong EELS intensity inhomogeneity in each nanoparticle which vanishes in the gap region. This insensitivity of EELS to bonding modes in gap regions, as compared to strong gap sensitivity to antibonding modes, has been thoroughly discussed in relation to the field symmetry of the electron probe. 54, 55 Although EELS does not directly map the electromagnetic near field and cannot reveal high intensity hot-spots formed by bonding interactions, this apparent limitation actually proves useful in distinguishing the coupling nature and symmetry of hybridized modes. The aforementioned signal silencing in the gap is also seen for the transverse bonding modes in Figure 3c , but to a lesser extent due to the weak interaction between transverse modes. In contrast, both of the higher energy transverse ( Figure 3d ) and longitudinal modes ( Figure 3e ) exhibit a strong EELS signal in the gap region, which expresses their antibonding nature. In agreement with the simulated eigenmodes, the longitudinal antibonding mode is the most blue-shifted, owing to a strong near field interaction for this dipole orientation. Besides small asymmetries in the EELS intensity maps, which arise from the grain structure of the fabricated nanodimers, the near field maps of the two dimers have a mirror symmetry, in keeping with their compositional and structural symmetry.
The EELS response of a heterodimer is now considered, but one with limited coupling. In order to minimize the electromagnetic interactions, discs made of Au and Al are chosen, yielding a large energy separation between their isolated particle plasmonic modes. They are positioned 60 nm apart from each other (Figure 3f ). In consequence, each disc's unique dipolar mode is observed, at 1.82 eV ( Figure 3g ) and 2.70 eV (Figure 3h ) for Au and Al, respectively. Due to the weak coupling between the nanoparticles, the longitudinal and transverse modes do not split and are therefore degenerated. 56 Consistent with this, the EELS maps display no nodes or specific symmetry relations to the dimer axis. At 2.70 eV the Au nanoparticle shows a strong and uniform EELS signal, corresponding to uniform interband absorption inside it (Figure 2a ). Now we move to a heterodimer displaying strong mode hybridization, by investigating an Au−Ag disc dimer ( Figure  4a ) with the same geometry as that of the Ag−Ag dimer discussed earlier. The EELS spectra extracted at different locations of this heterodimer (Figure 4b) show various resonances, the intensity of which varies with the position of the electron beam, as also observed in EELS simulations ( Figure S4 ). The EELS maps suggest that the electromagnetic near field is mainly localized close to the Au nanoparticle for the two lowest energy modes (that support a dominant longitudinal ( Figure 4c ) and transverse (Figure 4d ) dipolar contribution). This is in agreement with previous EELS computations performed for detuned dimers. 57 As revealed by the eigenmode simulations, the charge distributions on the Ag disc surface (Figure 4c,d) also have a dipolar nature, although weaker and with opposite phase. This behavior is due to the energy mismatch of the dipolar modes of each nanoparticle and is reminiscent of the transverse antibonding mode of a symmetric structure (Figure 3c ). In this Au−Ag heterostructure, the overlap between the Ag dipole (∼2.12 eV) and Au quadrupole (∼2.22 eV Figure S3 ) allows for a strong interaction between these modes (Figure 4e ). This especially holds for the longitudinal hybridized modes, as also evidenced in simulations, that tend to bonding (eigenmode at 2.13 eV) and nearly antibonding (eigenmode at 2.28 eV) configurations, reminiscent of observations made in symmetric dimers ( Figure  3b ,e). As discussed previously, the weaker interaction between transverse modes leads to two hybridized modes with a limited coupling (and thus energy shift), one with a strong transverse dipole mode in the Ag nanoparticle (eigenmode at 2.10 eV) and another with a strong transverse quadrupole mode in the Au nanoparticle (eigenmode at 2.20 eV). Here we use the terminology transverse quadrupole for modes having an odd parity (charge-wise) relatively to the dimer axis, and longitudinal for an even parity, analogously to the dipole modes. The spectral proximity of these four modes, between 2.10 and 2.28 eV, results in a partial overlap of their contribution in the experimental EELS maps. Nevertheless, the nature of the dominant longitudinal modes is evident from the subtle differences in the EELS intensity maps such as the stronger signal confinement in the gap region at 2.30 eV from the antibonding mode compared to the bonding mode at 2.10 eV. For the quadrupole mode in the Ag nanoparticle, the EELS map (2.64 eV) shows a rotational symmetry around the center of the Ag disc, indicating that the coupling of this mode with the nearby Au disc is weak. This is in agreement with the calculated eigenmode that shows a charge distribution on the Ag disc barely affected by the neighboring Au disc. Overall, our analysis provides an important insight into the response of this system which has been previously studied for the purpose of directional color routing. 14 Namely, all the observed modes possess a net dipole moment and therefore varying degree of far-field radiation symmetry ( Figure S5 ). When the coupled modes entail a large energy mismatch, they are predominantly supported by a single constituent (here the dipole in the Au nanodisc); whereas a collective response is favored for modes with matching energy (here the quadrupole in the Au disc and the dipole in the Ag one), even if the original modes have a distinct multipolar nature.
A similar analysis was carried out for smaller dimers with 50 nm disc diameter ( Figure S6 ), demonstrating the influence of the dimer size, associated with energy tuning, on the mode hybridization. In the case of small Au−Ag discs, the increased energy mismatch between the Au and Ag modes ( Figure 2 ) leads to a minimal contribution of the high order (i.e., quadrupole) modes. Indeed, only the longitudinal dipole mode of the Au nanoparticle exhibits a significant coupling with the Ag nanoparticle ( Figure S6c ). The intrinsic modes of the Ag nanoparticle are at energies corresponding to the Au interband transitions, and so are only weakly coupled to the Au nanoparticle. At this point, the Au disc effectively acts as a modification of the dielectric environment of the Ag nanoparticle with nonresonant properties (Figure S6e−g) .
These observations on the 50 nm disc diameter Au−Ag heterodimer, which are in excellent agreement with previous far-field optical studies of geometrically comparable systems, 29, 30 prompt the investigation of phenomena occurring with the large energy detuning associated with Au−Al disc dimers (Figure 4f−j) . The small gap width (2 nm) is intended to compensate for the large spectral mismatch between the modes of the isolated nanoparticles, by creating a strong near field overlap. Similarly to the Au−Ag 100 nm disc dimer studied previously, EELS spectra were recorded for various positions of the electron beam ( Figure 4g ) and intensity maps made for different observed resonance energies (Figure 4h−j) . A near field asymmetry much larger than that for the Au−Ag 100 nm disc dimer is revealed for the low energy maps, as the
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Article dipole in the Au nanodisc couples only weakly to the dipole in the Al disc in both the longitudinal (Figure 4h ) and transverse (Figure 4i ) directions. Also, for this structure, the near field coupling involving the longitudinal quadrupole in the Au nanodisc is now well evidenced because of its limited overlap with other modes (Figure 4j 2.23 eV). The EELS maps for the longitudinal dipole (2.75 eV) and transverse dipole (3.11 eV) in the Al nanodisc in turn exhibit limited coupling and thus rotational symmetry. These results are similar to the observations made for the Au−Ag dimer with 50 nm disc diameter where, again, each coupled mode is mainly associated with one constituent of the dimer. Nevertheless, the EELS maps associated with the higher energy modes (Figure 4j ) exhibit strong signal modulations in the Au disc. This evidences the strong absorption modulation in the off resonant system, since the near-field associated with the resonant component decays into the nonresonant nanoparticle. 20, 26 In order to favor the resonant interaction between detuned modes, we exploit the opportunities of our lithographic fabrication method to design square dimers. Compared to round dimers, these structures allow for a distinct Coulomb interaction at similar gap distances. These structures also break the rotational symmetry in discs that was observed with some EELS maps, while preserving the degeneracy of the uncoupled eigenmodes along the longitudinal and transverse directions. Considering first an Au−Ag dimer with a 100 nm square side length and average 2.2 nm gap (Figure 5a ), very limited asymmetry in the lowest energy mode is seen (Figure 5b ) as compared to the disc case, due to the enhanced coupling. On the other hand, asymmetry in the EELS map is observed for a transverse dipole in the Au nanosquare, which is more weakly coupled (Figure 5c ). Now considering higher order modes, due to the strong spatial coupling conditions induced by the gap geometry, a complex hybridization scheme is expected, involving multiple high order contributions. 7 This is seen with the coupling of the longitudinal dipole in the Ag nanoparticle to highly multipolar modes in the Au nanoparticle (Figure 5d,e) , where the eigencharge distributions for the closest energy matching modes reveal numerous nodes in the gap region. Above the Au interband threshold, the 2.76 eV EELS map is characteristic of an octupole in the Ag nanoparticle (Figure 5f Figure 2a , the large square size allows for a reduced energy mismatch between the Au and Al nanoparticles compared to the Au−Al disc dimer discussed previously. Additionally, the larger gap limits the contribution of high order modes that lead to complex nodal patterns in the gap. Low energy longitudinal ( Figure 5h ) and transverse (Figure 5i ) modes follow the mechanisms pointed out previously; however the interplay between high order modes is better revealed in this differently coupled nanodimer. Quadrupole (Figure 5j ) and octupole (three nodal lines) (Figure 5k ) modes in the Au nanoparticle now couple efficiently to nondipolar modes in the Al one. Indeed, the quadrupolar mode in the Au nanoparticle is coupled to another weak quadrupolar charge distribution in the Al nanoparticle, whereas, at even higher energy, the Au octupolar mode couples weakly to the Al nanoparticle, leading to asymmetric surface 
Article DOI: 10.1021/acsnano.6b08589 ACS Nano 2017, 11, 3485−3495 charge deformations involving multiple contributions in the Al nanoparticle. At 2.22 eV, the quadrupole supported by the Al nanosquare is then imaged overlapping in energy with the breathing mode in the Au nanoparticle, with high EELS signal at the square center. 56 Uncoupled high order multipoles in the Al square are mapped at 3.14 (octupole) and 3.80 eV, with additional contribution of a breathing mode for the latter (Figure 5l ). The engineering of the gap geometry therefore allows resonant coupling conditions to be achieved beyond those of the well-studied dipole−dipole interactions or dipole− quadrupole interactions observed in the disc heterodimers.
Finally, in order to tune resonant coupling conditions even further, heterodimers composed of Au and Ag nanorods are considered. Contrary to the nanodiscs and nanosquares studied previously, individual nanorods possess longitudinal and transverse modes at distinct energies. When coupled, this property is useful to favor selected interactions, depending on the spatial arrangement of the nanorods. As serial (i.e., end-toend) nanorod homodimers are coupled by their apexes, the low energy bonding mode is bright and the high energy antibonding mode is dark. 28, 58 This relation is inverted in the case of parallel (i.e., side-by-side) rod homodimers, which are coupled by their edges. 28, 58 Considering these geometries in heterodimer form (Figure 6a,d) , in both cases the hybridized modes observed at the lowest energy correspond to a strong excitation of the nanorod which has the lowest energy resonant dipole mode (Figure 6b,e) . At the same time, the high energy mode corresponds to a strong excitation of the nanorod possessing the dipole mode resonant at the highest energy (Figure 6c,f) . When the coupling is weak, i.e., when the gap is larger than ∼10 nm, the distinct radiative signatures of both components is recognized in the global (plane wave excitation) response of the dimers, and a Fano resonance is observed due to the interference between the dipolar modes ( Figure  S7b ). 18, 59 Upon increased coupling (e.g., by reducing gap size), the radiative nature of one or the other mode is significantly modulated, leading to a weakening of the Fano line shape as well as the appearance of a strong absorption modulation, as previously reported for spherical heterodimers. 19, 20, 60 EELS does not only provide information on the near field distributions and the modal nature of the observed peaks, but also an insight into the evolution of the absorption and scattering mechanisms. 61−63 Indeed, the relative weights of these two loss channels is expected to evolve upon geometric modifications. For example, in the case of the parallel rod dimers, a strong reduction of the radiative channel is seen as the gap width reduces, as emphasized by the simulated EELS decompositions (Figure 6g ,h and also evidenced by the plane wave scattering Figure S7b ). 64 This weakened scattering, responsible for the reduction of the absolute EELS signal, is well measured experimentally (Figure 6i ,j and Figure S8) , emphasizing that the combination of EELS with accurate modeling permits the tracking of energy loss mechanisms in heterodimers. By tuning the gap width and the parallel or serial arrangement of nanorod Au−Ag dimers, one can therefore favor or inhibit the optical access, namely the net dipole moment, of modes associated with either the Au or Ag constituent. In turn, this enables a specific engineering of the absorption within the system, as in the parallel nanorod configuration where a large enhancement of absorption in the Au nanoparticle, at the resonance energy of the Ag nanorod, may be achieved with increased coupling.
CONCLUSIONS
In conclusion, by combining the high flexibility of electron beam lithography for the fabrication of coupled plasmonic nanostructures of various geometries with near field imaging using EELS, we have reported experimental insights into the coupling occurring in heterogeneous plasmonic dimer systems. The case of heterodimers composed of discs was considered first, and then used as a benchmark for the investigation of the role of the gap lateral extent (in square nanodimers) and mode selection (in nanorod dimers). Especially, the importance of both the spatial and spectral overlap between the modes has been explored. The results provide opportunities for the design of heterodimers with tailored interactions, such as the coupling of plasmonic modes of different multipolar nature or the engineering of absorption within the dimers. They therefore provide efficient means to control of the nanoscale optical response, enabling efficient tuning of directional scattering, 14 Fano interferences, 65 molecular sensing 66 and multiple bright resonances for broadband fluorescence enhancement, 67 as well as second harmonic generation. 68 
METHODS
Sample Fabrication. Silicon wafers (100 mm diameter, 380 μm thickness prime grade double side polished) were cleaned following a standard RCA procedure prior to the fabrication of front side alignment marks. Positive photoresist (AZ ECI 3000, 0.6 μm) was spun and exposed by direct laser writing (Heidelberg Instruments VPG-200) and developed. The markers were etched in the Si wafers by RF biased SF6 dry etching (Adixen AMS200) to a depth of 3 μm followed by another RCA cleaning step and low pressure chemical vapor deposition of 30 nm-thick silicon nitride. Backside photolithography and wet etching by potassium hydroxide were performed to release 500 × 100 μm 2 freestanding silicon nitride windows. A single layer of poly(methyl methacrylate), (PMMA 495 A2, Micro-Chem) was then spun at 2500 rpm for 60 s yielding an approximately 90 nm-thick coating following a 3 min bake at 180°C prior to the coating of a conductive layer (Espacer 300Z ShowaDenko, 2000 rpm, 60 s). The samples were then exposed by electron beam lithography (VISTEC EBPG5000+, 100 kV), rinsed in deionized water to remove the conductive coating and developed at room temperature for 60 s in a 1:3 mixture of methyl isobutyl ketone and isopropyl alcohol. Chromium and Gold (0.5 nm/25 nm) were evaporated first by electron beam heating at a base pressure of 8 × 10 −7 mBar prior to liftoff in acetone. In a second step, lithography, evaporation and lift-off were repeated for the Ag or Al structures. Al was evaporated with 35 nm thickness after overnight pumping of the evaporation chamber to reduce residual water at the wafer surface in order to obtain low line edge roughness and high shape accuracy. Ag was evaporated with 30 nm thickness using a 0.5 nm Ni wetting layer that was shown to improve the quality of otherwise poorly wetting Ag films. 69 Alignment markers were protected by Kapton stencils during each evaporation steps. After all lift-off steps, the samples were finally cleaved in 3 × 3 mm 2 dies for measurements in the TEM and stored in N 2 cabinets in order to preserve Ag from ambient contamination.
Alignment Accuracy. In order to assess the accuracy and repeatability of feature dimensions and gap widths, heterodimer arrays and Vernier patterns were imaged in both TEM and STEM mode (FEI Talos 200 kV) and the images were processed with a custom Matlab toolbox. The Vernier patterns (S1) allowed for the measurement of alignment accuracy with limited influence of metal line edge roughness. Inspection of the Vernier patterns revealed consistent (∼90%) alignment equal or better than 10 nm offset on each axis. An example with sub-5 nm alignment in shown in Figure  S1c ,e. In addition to layer to layer alignment, metal wetting and line edge roughness were found to be the main contributions of gap variations with a standard deviation ∼2.5 nm ( Figure S1f,g) . Overall, designs included arrays with gaps down to 10 nm overlap guaranteeing that the target designs of sub-5 nm were consistently achieved.
EELS Measurements. STEM-EELS maps were acquired using a FEI Titan Themis 60−300 equipped with a Wien-type monochromator and a Gatan GIF Quantum ERS spectrometer. A 300 keV incident electron beam was used for all experiments, monochromated to give an energy spread of ∼110 meV fwhm in the zero-loss peak of elastically scattered electrons, and with beam currents of ∼240 pA. A 17 mrad convergence semiangle of the probe and a 22 mrad collection semiangle on the spectrometer were used, with the probe having a mean diameter of <1 nm for full width at tenth maximum in incident intensity. Mapping was performed using the "ultrafast" spectrum imaging mode with typical dwell times of 0.20 to 0.26 ms per pixel, and with the probe rastered in X, Y step sizes of 0.5−0.6 nm for a total of >10 5 pixels per map. Each map was treated with the HQ Dark Correction plugin to reduce noise associated with dark current subtraction.
EELS Data Processing. The EELS data cubes were processed using Gatan Digital Micrograph and custom Matlab scripts for the removal of the background from the tails of the zero-loss peak (ZLP), and extraction of point spectra and spatial EELS maps. The ZLP was first centered pixel by pixel using a Gaussian−Lorentzian approximation. Following zero-loss alignment, each data cube was spectrally cropped to the region of interest including the ZLP (−2 to 6 eV), and artifacts from cosmic rays were removed. To account for the absorption and other scattering mechanisms inside the metal nanoparticles, the data cubes were normalized by dividing each pixel-spectrum by the integrated zero-loss fit. Spectra in Figure 3 were integrated over a 30 × 30 pixel region of interest centered around the point overlaid on the STEM image, whereas EELS maps were typically integrated over a 0.06 eV window. For visualization purposes, the maps were smoothed using a penalized least-square method. 70 Overall, the resonance peak positions are identified from spectra extracted in regions with high EELS signal and with minimal spatial overlap with other resonances allowing for a high fitting accuracy, the main limitations being the effect of the precision of the ZLP alignment at higher energy losses and the ZLP convolution with the resonances at lower energy losses.
Simulations. A surface integral equation method 71 is used to compute the interaction between the electromagnetic field associated with the swift electron and the plasmonic nanostructures as well as for the computation of the eigenmodes. The nanostructure's surface is discretized with triangular mesh elements and the electric and magnetic fields in the entire space (inside and outside the nanoparticle) are related to fictitious electric and magnetic surface currents through a matrix describing the geometry and material of the structure.
EELS is computed in two steps: first by exciting the structure with the fields associated with a swift electron, and then by computing the work done on the electron by the Lorentz force against this scattered field. 72, 73 The eigenmodes are found by looking for the eigenvectors of the aforementioned matrix when no excitation is imposed. 53 Concerning the eigenmode analysis, a Drude model is used for the permittivities of Au, Ag and Al, fitted to the experimental values found in ref 74 for Au and Ag and in ref 75 for Al. The same experimental values are used for the computation of the EELS and plane wave spectra. For all simulations, a homogeneous background medium of permittivity ε = 1.8 (index n = 1.34) is used to account for the influence the SiN substrate (ε = 4).
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